Pulmonary expression of granulocyte/macrophage colony-stimulating factor (GM-CSF) is critically important for normal functional maturation of alveolar macrophages. We found previously that lung GM-CSF is dramatically suppressed in mice exposed to hyperoxia. Alveolar epithelial cells (AEC) are a major source of GM-CSF in the peripheral lung, and in vivo hyperoxia resulted in greatly reduced expression of GM-CSF protein by AEC ex vivo. We now explore the mechanisms responsible for this effect, using primary cultures of murine AEC exposed to hyperoxia in vitro. Exposure of AEC to 80% oxygen/5% CO2 for 48 h did not induce overt toxicity, but resulted in significantly decreased GM-CSF protein and mRNA expression compared with cells in normoxia. Similar effects were seen when AEC were stressed with serum deprivation, an alternative inducer of oxidative stress. The effects in AEC were opposite those in a murine lung epithelial cell line (MLE-12 cells), in which hyperoxia induced GM-CSF expression. Both hyperoxia and serum deprivation resulted in increased intracellular reactive oxygen species (ROS) in AEC. Hyperoxia and serum deprivation induced significantly accelerated turnover of GM-CSF mRNA. Treatment of AEC with catalase during oxidative stress preserved GM-CSF protein and mRNA and was associated with stabilization of GM-CSF mRNA. We conclude that hyperoxia-induced suppression of AEC GM-CSF expression is a function of ROS-induced destabilization of GM-CSF mRNA. We speculate that AEC oxidative stress results in significantly impaired pulmonary innate immune defense due to effects on local GM-CSF expression in the lung. lung; innate immunity; growth factors; oxidative stress
THE PULMONARY ALVEOLAR SPACE forms the largest surface of interaction of the body with the outside world. The pulmonary innate immune response is finely tuned to provide measured defense against aspirated and inhaled pathogens without inducing exaggerated responses that might unduly impair gas exchange. Alveolar macrophages (AM), the principal resident inflammatory cells in the alveolar space, are highly differentiated cells with distinctive functional characteristics (6) . AM are mobile cells that engulf and kill microbes themselves and play an important role as sentinels, secreting early response cytokines to recruit and activate other constituents of the immune system. AM also play a crucial role in normal surfactant homeostasis, taking up and degrading surfactant phospholipids and proteins as part of normal turnover (19) .
Granulocyte/macrophage colony-stimulating factor (GM-CSF) is a growth factor that is essential for normal maturation of AM. In gene-targeted mice lacking GM-CSF (GM-CSFϪ/Ϫ mice) (25, 32) or its receptor (24) , murine AM express an immature phenotype. These animals develop pulmonary pathology identical to human pulmonary alveolar proteinosis, with excess surfactant material clogging the alveolar spaces, leading to abnormal gas exchange (12, 24) . They also have greatly impaired pulmonary host defense and are significantly more susceptible than wild-type mice to infection with bacteria and fungi (22, 26) . GM-CSF was originally purified from murine lung and is the product of a number of different cell types, including alveolar epithelial cells (AEC). Expression of GM-CSF exclusively by AEC is sufficient to restore normal surfactant homeostasis (18, 27, 28) and pulmonary host defense in GM-CSFϪ/Ϫ mice (22, (25) (26) 32) . Conversely, transient antibody neutralization of GM-CSF within the lung for as little as 24 h leads to impaired AM function (8) . Thus, ongoing production of GM-CSF by parenchymal cells within the lung is necessary for maintenance of normal AM maturation.
In studies of the impact of mild lung injury due to hyperoxia on pulmonary host defense, we found previously that limited (4-day) exposure of mice to hyperoxia resulted in greatly increased susceptibility to lethal pneumonia with Klebsiella pneumoniae (2) . This enhanced susceptibility to infection was associated with alterations in AM phenotype resembling those found in GM-CSFϪ/Ϫ mice. Furthermore, exposure to hyperoxia led to suppression of lung and AEC GM-CSF expression, whereas treatment of hyperoxic mice with GM-CSF restored normal AM function and bacterial clearance (1) . Thus, in the setting of lung injury due to hyperoxia, suppression of pulmonary GM-CSF expression results in impaired AM function and greatly impaired pulmonary host defense. In the present work we explore the hypothesis that hyperoxia results in oxidative stress, which directly alters AEC GM-CSF expression through changes in mRNA stability.
MATERIALS AND METHODS

Animals.
Wild-type C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were housed under specific pathogen-free conditions and were monitored daily by veterinary staff. Experiments were carried out using male mice aged 6 -10 wk. The animal care committee at the Salt Lake City Veterans Affairs Medical Center approved these experiments.
Isolation and purification of type II alveolar epithelial cells. Murine type II AEC were isolated and purified using a modification of published methods (11, 23) . Following anesthesia with Avertin (Sigma, St. Louis, MO) and heparinization, mice were exsanguinated and the pulmonary vasculature was perfused with saline. The trachea was cannulated and the lungs were filled with 1-2 ml of dispase (BD-Bioscience, San Jose, CA). Subsequently, low-melting point agarose (1%, 0.45 ml; Sigma) was infused via the trachea, and the lungs were placed in iced PBS for 2 min to harden the agarose. The lungs were incubated in dispase (BD-Bioscience), and parenchymal tissue was teased away from the agarose-filled airways. Lung parenchymal tissues were minced in DMEM with 0.01% DNase I (Sigma), and the resultant cellular suspension was filtered. The cells were incubated with biotinylated anti-CD32 and anti-CD45 (BD-Bioscience) followed by streptavidin-coated magnetic particles (Promega, Madison, WI) for magnetic removal of leukocytes. Mesenchymal cells were removed by overnight adherence to tissue culture-treated plastic (day 0). The nonadherent cells were plated in DMEM with penicillin/streptomycin and 10% FCS in wells coated with fibronectin (Millipore, Temecula, CA; day 1). AEC were allowed to attach for 48 h after which the cell layer was washed gently with several changes of room temperature, sterile PBS to remove nonattached cells and debris. Fresh growth media was added, and the AEC were utilized for experiments (day 3). For experiments in which AEC were deprived of serum, the medium was changed from DMEM ϩ 10% FCS to serum-free DMEM on day 3. In each experiment, purity of the epithelial cell preparations was confirmed by vimentin staining with anti-vimentin (Santa Cruz Biotechnology, Santa Cruz, CA) to identify nonepithelial cells. Secondary staining was performed with FITCconjugated anti-mouse IgM. Routinely, fibroblast contamination was 3-6% on day 3 after isolation. Each individual experiment was performed using a single isolation, with cells pooled from the lungs of six to eight mice.
Exposure to hyperoxia. C57BL/6 mice exposed to an atmosphere of Ͼ95% oxygen die within ϳ6 days. We have shown previously that lung GM-CSF expression is significantly decreased by day 3 in hyperoxia, and mice recover fully from 4 days in Ͼ95% oxygen if they are then returned to room air (1) . In preliminary experiments, we found that AEC in vitro did not tolerate this intensity and duration of hyperoxic stress without irreversible injury. Therefore, to model the stress of sublethal hyperoxia in vivo using an in vitro system, we exposed AEC to an atmosphere of 80% oxygen/5% CO 2 for 48 h. Cells were placed in a sealed Plexiglas chamber that was maintained at 37°C and flushed daily with a commercially available gas mixture of CO2 and oxygen, adjusted to maintain a fractional concentration of oxygen of 0.80, as measured in real time with an oxygen analyzer within the chamber (maxO2ϩ; Maxtec, Salt Lake City, UT). Cell numbers following hyperoxia exposure were determined by counting cells that had been released from the dish with trypsin/EDTA, using a hemocytometer counter.
GM-CSF and MCP-1 protein in culture supernatants. AEC were harvested as above and on day 3 placed in normoxia or hyperoxia in the appropriate growth media. After 48 h, fresh medium was added to the cells. After 18 h of further incubation under the experimental conditions, the culture supernatants were harvested and cellular debris was removed by centrifugation. ELISAs for GM-CSF and MCP-1 (both from R&D Systems, Minneapolis, MN) were performed immediately or on samples frozen at Ϫ80°C, with care being taken to ensure only a single cycle of freeze-thaw (as per manufacturer's instructions).
RT-PCR. Total cellular RNA was isolated from cultured cells using RNeasy (Qiagen, Valencia, CA). First-strand cDNA was reverse transcribed from 1 g of total RNA using a high capacity cDNA kit (ABI, Foster City, CA). GM-CSF and MCP-1 transcripts were quantified using the primer pairs previously described (1) . Specific PCR products were generated from cDNA (100 ng) using Brilliant SYBR Green QRT-PCR 2-step (Stratagene, La Jolla, CA) and an Mx3000P real-time computerized cycler from Stratagene. The 2-step cycle program (Tm ϭ 60°C) with a dissociation analysis was used as recommended by Stratagene. Appropriate controls (no template control and Rox reference dye) were included in each experiment as recommended by Stratagene. Results are expressed as fold-induction over control values after correcting for GAPDH. Each biological sample was amplified in duplicate and the average of the duplicates taken as a single value for statistical analysis. The threshold cycle from GAPDH was used as a calibrator for each individual sample to normalize the specific RNA quantitation. The value for the first biological control sample was arbitrarily set at 100%, and results are expressed as fold-change over that control value after correcting for GAPDH.
Lactate dehydrogenase release. We measured change in release of lactate dehydrogenase (LDH; Roche, Indianapolis, IN) as a reflection of gross cellular injury. Briefly, the media were collected and spun free of debris before assay. LDH values were corrected to reflect total media volume. The cell layer was washed with PBS and then incubated in RIPA buffer (ThermoFisher, Pittsburgh, PA) for 20 min on ice. RIPA insoluble material was removed by centrifugation and LDH determined in the RIPA soluble cytoplasmic fraction. Total cytoplasmic LDH was calculated by correction for volume. Percent LDH release was used as a measure of injury ϭ (LDH in medium/LDH medium ϩ LDH cytoplasm) ϫ 100.
Mitochondrial injury. Mitochondrial injury due of oxidative stress in AEC was quantified using MitoPT (Immunochemistry Technologies, Bloomington, MN). This is a measure of early mitochondrial injury due to a collapse in the electrochemical gradient across the mitochondrial membrane, as measured by the change in the membrane potential. Under optimal culture conditions, the lipophilic MitoPT reagent enters the cell and the cationic dye JC-1 enters the mitochondria where it aggregates and fluoresces red. Under conditions that change the mitochondrial membrane potential, the MitoPT reagent cannot enter the mitochondria and remains as a green fluorescent monomer throughout the cytoplasm. A decrease in the ratio red/green fluorescence is a simple yet quantitative measure of mitochondrial injury. The assay was carried out as described in the technical brochure following the 96-well fluorescence spectroscopy staining protocol. The plate reader was set at an excitation 488 nm and emission 527 nm for green fluorescence and 590 -600 nm for red fluorescence. The changes in mitochondrial potential were assessed by comparing the ratios of 590 -600 nm (red)/527 nm (green) ODs. A drop in the ratio corresponds to a reduction in the number of healthy mitochondria able to maintain the negative potential necessary to concentrate the MitoPT dye in the red aggregate form (29) .
Intracellular superoxide production. Intracellular O2 Ϫ production was measured by nitroblue tetrazolium (NBT) reduction as described by Rook et al. (30) and previously detailed (35) .
mRNA decay studies. Studies to comparative mRNA stability were carried out immediately after exposure to hyperoxia or serum deprivation (48 h) followed by incubation with IL-1␤ (5 ng/ml, R&D Systems) for 3 h to maximally induce GM-CSF mRNA expression. Actinomycin D (5 g/ml; Calbiochem-EMD, San Diego, CA) was then added to stop transcription, and relative mRNA expression was determined over time. Time 0 was collected immediately before addition of Actinomycin D. Actinomycin D was prepared as a 20X stock in DMSO immediately before use, using a single-use sealed vial to ensure full activity. Upon solubilization, the stock was diluted in prewarmed media, and 1/10th total volume (100 l) was added to each sample to avoid volume/concentration errors. Precise time points were achieved by rapid solubilization in RNA lysis buffer (Qiagen). Samples were processed for RNA and RT-PCR as described above. Data are expressed relative to time 0 for each experimental condition.
Statistical analysis. Data are presented as means Ϯ SD. Statistical analysis was carried out using GraphPad Prism v4C software. Differences between two groups were compared with the unpaired Student's t-test. Two-tailed tests of significance were used. Differences between multiple groups were compared with one-way analysis of variance. Comparisons were deemed statistically significant for P values Ͻ 0.05.
RESULTS
Effect of in vitro hyperoxia on AEC GM-CSF protein
expression. C57BL/6 mice exposed to an atmosphere of Ͼ95% oxygen die within ϳ6 days. We have shown previously that lung GM-CSF expression is significantly decreased by day 3 in hyperoxia. To model the effects of in vivo hyperoxic exposure on primary AECs in vitro, AECs 3 days postisolation were exposed to 80% hyperoxia for 48 h in the presence of 10% FCS. Exposure to hyperoxia resulted in ϳ70% reduction in AEC GM-CSF protein expression (Fig. 1A) . The change in GM-CSF protein was a reflection of decreased GM-CSF steady-state mRNA (Fig. 1B) . This reduction in GM-CSF expression was not a reflection of overt cytotoxicity; hyperoxia induced minimal, insignificant loss in cell number (2.89 ϫ 10 5 Ϯ 0.25 ϫ 10 5 cells/well in normoxia vs. 2.65 ϫ 10 5 Ϯ 0.21 ϫ 10 5 cells/well in hyperoxia) and no significant increase in release of LDH from the monolayers (20.22 Ϯ 0.66% in normoxia vs. 23.29 Ϯ 1.26% in hyperoxia; P Ͼ 0.05). Furthermore, secretion of another important macrophage-active product of AEC, MCP-1, was increased by exposure to hyperoxia (Fig. 1C ). These data demonstrate that primary AEC respond to hyperoxic stress in vitro in a similar manner to that observed in the lung in vivo, following exposure to hyperoxia. Interestingly, a frequently used murine lung epithelial cell line (MLE-12 cells) responded to hyperoxic stress very differently from primary AEC, by significantly increasing GM-CSF protein release (Fig. 1D ). This result underscores the value of carrying out these studies in primary cells, whose responses recapitulate those found in the lung in vivo.
AEC mitochondrial stress in the setting of hyperoxia. AEC exposed to hyperoxia did not display gross evidence of injury, and in fact produced increased quantities of MCP-1 (Fig. 1C) . However, it is possible that hyperoxia might induce mitochondrial stress and injury, an early step in apoptosis. We measured mitochondrial injury using MitoPT, a mitochondrial permeability transition detection kit. Exposure to hyperoxia for 48 h resulted in mildly decreased red/green fluorescent ratio indicating mitochondrial stress (Fig. 2) . However, we found no evidence that this level of hyperoxic stress induced apoptosis in AEC, as indicated by cell surface staining for annexin V, induction of histone-associated DNA, or cleaved caspase-3 (data not shown). Thus, exposure to 80% oxygen for 48 h appears to induce moderate stress and a change in cellular behavior without causing apoptosis or widespread cellular dysfunction.
Oxidative stress induced by hyperoxia and serum deprivation. A major mechanism by which exposure to hyperoxia may influence AEC behavior is by inducing oxidative stress. We confirmed that exposure of AEC to hyperoxia for 48 h resulted in significant oxidative stress, as demonstrated by increased intracellular superoxide production in the NBT reduction assay (Fig. 3) . It has been shown previously that serum deprivation may also increase production of ROS and lead to oxidative stress (4, 20, 33) . We found that serum deprivation increased intracellular AEC ROS (Fig. 3) . Similarly, serum deprivation alone (in normoxia) suppressed AEC GM-CSF protein and mRNA expression compared with cells maintained in 10% FCS and normoxia (Fig. 4) , without causing frank toxicity, as indicated by change in LDH release from baseline (data not shown). These data provide further support for the relationship between oxidative stress and GM-CSF expression in AEC.
Effects of oxidative stress on GM-CSF mRNA turnover. The reduction in GM-CSF protein production associated with oxidative stress was mirrored by a similar reduction in steady-state GM-CSF mRNA expression in both hyperoxia and serum deprivation (Figs. 1B and 4B) . Changes in gene expression may be a consequence of changes in mRNA decay, in addition to or instead of change in rates of transcription. The mRNA for GM-CSF contains AU-rich elements (ARE) in the 3=-untranslated region that can facilitate rapid degradation (31) . These ARE provide a mechanism by which gene expression may be regulated at the level of mRNA stability. Mechanisms regulating mRNA decay remain poorly understood but are known to involve redox-sensitive pathways (10, 15) . We hypothesized that the hyperoxia-induced reduction in GM-CSF expression in primary AECs involves an increased rate of decay of GM-CSF mRNA. As shown in Fig. 5A , exposure to hyperoxia induced a more rapid loss of GM-CSF mRNA expression compared with control cells in normoxia. Thirty minutes after translation was blocked by the addition of Actinomycin D, relative GM-CSF mRNA had decreased significantly more in cells subjected to 80% oxygen for 48 h compared with AEC in normoxia. (Fig.  5A) . In contrast, MCP-1 transcripts were relatively stable in normoxia, without major change in mRNA turnover in response to hyperoxia (Fig. 5B) . Thus oxidative stress leads to Fig. 1 . Effects of exposure to hyperoxia on lung epithelial cell expression of granulocyte/macrophage colony-stimulating factor (GM-CSF) and MCP-1. Primary murine alveolar epithelial cells (AEC) (A-C) or MLE-12 cells (D) were exposed to hyperoxia (80% oxygen/5% CO2) or normoxia (21% oxygen/5% CO2) for 48 h. The culture medium was then replaced with fresh medium, and the cells returned to hyperoxic or normoxic conditions for 18 h further for determination of GM-CSF and MCP-1 protein in the culture supernatant. All data are expressed as means Ϯ SD, n ϭ 3, and are representative of 3 independent experiments involving separate type II cell isolations. A: GM-CSF protein in culture supernatants from AEC. *P Ͻ 0.0001. B: relative GM-CSF mRNA in primary AEC was measured by real-time PCR. *P Ͻ 0.002. C: MCP-1 protein in culture supernatants from primary AEC. *P Ͻ 0.002. D: GM-CSF protein in culture supernatants from MLE-12 cells. *P Ͻ 0.001. changes in GM-CSF expression by AEC at least in part through changes in specific mRNA stability.
Effects of catalase on hyperoxia-induced reduction in GM-CSF expression by AEC.
Having determined that GM-CSF production by AEC is responsive to oxidative stress, we next examined the ability of an antioxidant to protect against suppression of GM-CSF in response to stress due to serum deprivation and hyperoxia. Addition of PEG-catalase (1,000 U/ml) to AEC at the time of exposure to hyperoxia was sufficient to prevent the induction of intracellular ROS (Fig. 6A) . Catalase completely reversed the reduction in GM-CSF protein secretion due to serum deprivation and largely restored GM-CSF release in AECs subjected to the dual stress of hyperoxia and serum deprivation (Fig. 6B) . Interestingly, treatment with catalase also augmented GM-CSF production in unstressed AEC maintained in normoxia in 10% FBS (154 Ϯ 16 pg/ml control vs. 353 Ϯ 12 pg/ml with PEG-catalase). PEG-catalase treatment did not appear to be toxic to the cells, as LDH release did not increase in response to this treatment. This effect was relatively specific for PEG-catalase; neither PEGsuperoxide dismutase, DMSO, nor N-acetylcysteine was protective of AEC GM-CSF expression in the face of oxidative stress.
Effect of catalase on AEC GM-CSF mRNA stability. We next confirmed that the protective effects of PEG-catalase treatment on GM-CSF expression in the setting of oxidative stress due to serum deprivation was a reflection of increased relative expression of GM-CSF mRNA (Fig. 7A) . Furthermore, this effect on GM-CSF mRNA expression was associated with stabilization of GM-CSF transcripts. As anticipated, under serum-free conditions, GM-CSF mRNA had decayed significantly within 30 Fig. 2 . Effect of exposure to hyperoxia on AEC mitochondrial stress. AEC were exposed to normoxia or hyperoxia for 48 h. Mitochondrial stress was measured as the ratio of red/green fluorescence in the MitoPT assay as described in MATERIALS AND METHODS. Data are expressed as means Ϯ SD, n ϭ 3. *P Ͻ 0.001. Fig. 3 . Effects of hyperoxia and serum deprivation on generation of ROS in primary murine AEC. AEC were exposed to normoxia (black bar) or hyperoxia (white bars) for 48 h in the presence of control medium (with 10% serum) or serum-free medium. ROS were then determined using the nitroblue tetrazolium (NBT) reduction assay as described in MATERIALS AND METHODS. Data are expressed as means Ϯ SD, n ϭ 5. *P Ͻ 0.05 vs. normoxia/10% serum; P Ͻ 0.01 vs. normoxia/0% serum; and P Ͻ 0.001 vs. hyperoxia/0% serum. **P Ͻ 0.001 vs. normoxia/10% serum; and P Ͻ 0.01 vs. hyperoxia/10% serum. †P Ͻ 0.001 vs. both normoxia/10% serum and hyperoxia/10% serum. Fig. 4 . Effect of serum deprivation on GM-CSF expression by AEC. Primary murine AEC were placed in culture as described in MATERIALS AND METHODS. On day 3 the medium was changed to control medium (10% serum) or medium without serum (0% serum). The cells were maintained in normoxia throughout. GM-CSF protein (A) and steady-state mRNA (B) were measured after 48 h. Data are expressed as means Ϯ SD, n ϭ 3. *P Ͻ 0.0002. min after the addition of Actinomycin D (Fig. 7B) . Addition of PEG-catalase to AEC in 0% serum 24 h before Actinomycin D was sufficient to totally inhibit GM-CSF mRNA decay for 30 min after inhibition of transcription, even under these serumfree conditions (Fig. 7B) . Thus, the addition of catalase to cells cultured in the absence of serum resulted in alleviation of oxidative stress, stabilization of GM-CSF mRNA, increased steady-state GM-CSF mRNA expression, and increased release of GM-CSF protein.
DISCUSSION
We have shown previously that expression of GM-CSF in the lung is suppressed during exposure to hyperoxia (1) . In the present study, we now show that expression of GM-CSF by AEC in primary culture is also suppressed by exposure to hyperoxia in vitro, or by serum deprivation, and that this effect is not a consequence of simple cytotoxicity. Both hyperoxia and serum deprivation induce significant oxidative stress that can be reversed by treatment with the potent antioxidant catalase. Similarly, PEG-catalase treatment restores GM-CSF expression in the face of hyperoxia or serum deprivation. Finally, we found that changes in mRNA stability are a major mechanism by which AEC GM-CSF expression is suppressed in the setting of oxidative stress.
Considerable evidence indicates that GM-CSF plays a critical role in homeostasis and innate immunity in the lung. Gene-targeted mice lacking GM-CSF (12) or its receptor (24) develop a pathological picture of pulmonary alveolar proteinosis due to impaired turnover of surfactant by AM. In addition to defects in surfactant turnover, AM from GM-CSFϪ/Ϫ mice demonstrate major abnormalities in host defense function, including decreased phagocytosis and killing of microbes, absent cell surface expression of Toll-like receptors (TLR)-2 and -4 (responsible for recognition of gramϩ and gramϪ pathogens, respectively), and greatly decreased expression of TNF, IL-6, and leukotriene B4 in response to inflammatory stimulation (25, 32) . These functional defects are associated with diminished expression of the important myeloid transcription factor, PU.1 (32) . As might be anticipated in light of the critical role of AM in pulmonary innate immunity, GM-CSFϪ/Ϫ mice are more susceptible than wild-type mice to pneumonia with a variety of pathogens, including bacteria and fungi (3, 22, 26) . Expression of GM-CSF exclusively in the lung, or administration of GM-CSF to the lung, is sufficient both to reverse the picture of alveolar proteinosis and to restore normal host defense function. Humans with primary pulmonary alveolar proteinosis have now been shown to have high titers of neutralizing antibodies to GM-CSF (37) . AM from these individ- Fig. 6 . Effects of catalase on AEC oxidative stress and GM-CSF expression following exposure to hyperoxia. Primary murine AEC were treated with PEG-catalase (1,000 U/ml) during exposure to hyperoxia or serum deprivation. Control AEC were maintained in 10% serum in normoxia. Data are expressed as means Ϯ SD. The experiments shown are representative of 3 independent experiments. A: AEC ROS were measured as NBT reduction; n ϭ 5. *P Ͻ 0.001 vs. each of the other conditions. There was no significant difference between normoxia, normoxia ϩ catalase, and hyperoxia ϩ catalase. B: GM-CSF protein was measured in culture supernatants. Data are expressed as means Ϯ SD. P Ͻ 0.001 comparing catalase vs. no catalase, n ϭ 3. Fig. 7 . Effect of catalase on GM-CSF mRNA expression and stability during oxidative stress. Primary murine AEC were exposed to serum deprivation with or without the addition of PEG-catalase (1,000 U/ml). Additional control cells were cultured in 10% serum. A: relative GM-CSF mRNA expression in cells exposed to serum deprivation. Data are expressed as means Ϯ SE, n ϭ 3. *P Ͻ 0.001 vs. 0% serum. B: after 24 h of oxidative stress, AEC were stimulated with IL-1␤ for 3 h before the addition of Actinomycin D (5 g/ml) to stop transcription. Relative GM-CSF mRNA was determined by real-time PCR at 0 and 30 min. Data are expressed as means Ϯ SE, n ϭ 4. *P Ͻ 0.01. uals demonstrate functional characteristics similar to those of AM from GM-CSFϪ/Ϫ mice (37) .
Intratracheal administration of neutralizing anti-GM-CSF antibodies in mice is sufficient to induce loss of normal AM functional characteristics (8) . Interestingly, we have found that relatively mild lung injury induced by short-term (sublethal) exposure to hyperoxia suppressed lung GM-CSF expression in vivo, leading to impaired AM function and increased susceptibility to lethal pneumonia due to K. pneumoniae (1) . Alveolar macrophage function and lung bacterial clearance were restored by treatment with recombinant GM-CSF during hyperoxia. Thus, continuous GM-CSF is required to maintain the normal mature AM phenotype, and GM-CSF expression in the lung is susceptible to short-term changes in the setting of lung injury.
Oxidative stress is a common feature in a number of pathological processes leading to lung injury. Inflammation driven by neutrophils or mononuclear phagocytes, ischemia-reperfusion injury, toxic inhalations (ozone, cigarette smoke, sulfur dioxide), and high concentrations of oxygen all induce significant oxidative stress in the lung (7, 9, 21) . Although oxygen therapy is an essential component of supportive care for many patients, breathing high concentrations of oxygen may lead to lung injury, impaired barrier function of the alveolar wall, and death (16) . Because exposure of mice to Ͼ95% oxygen causes a reproducible lung injury that recapitulates features of human ARDS, hyperoxia is an important and biologically relevant model for the study of acute lung injury.
We have used a model of sublethal lung injury induced by limited exposure to hyperoxia to examine the mechanisms by which pulmonary innate immunity might be altered in the setting of lung injury. AEC are an important source of GM-CSF in the lung. We found that sublethal hyperoxia significantly suppressed GM-CSF mRNA expression both measured in lung homogenates and assessed in cells in the alveolar wall (1). Furthermore, GM-CSF protein expression ex vivo was diminished in AEC isolated from mice exposed to hyperoxia in vivo. Interestingly, these cells did not demonstrate signs of overt injury and expressed increased levels of MCP-1 compared with similarly isolated cells from mice in normoxia. When normal murine AEC in primary culture are exposed to an atmosphere of 80% oxygen for 48 h, they experience significant stress, as indicated by measures of mitochondrial stress and oxidative stress, without gross toxicity (as measured by changes in cell number or LDH release). However, GM-CSF expression was significantly suppressed. Thus, this concentration of oxygen altered GM-CSF expression without inducing major injury to these cells, suggesting that this exposure provides an appropriate model of the stress associated with a limited exposure to hyperoxia in vivo from which mice can recover fully if returned to room air. Thus, we have now extended our previous work and determined that at least one component of the hyperoxia-induced decrease in lung GM-CSF expression involves direct effects of hyperoxia on AEC.
An important feature of the present work is the use of primary murine AEC. Our isolation procedure provides highly enriched populations of type II AEC. When cultured under standard conditions, these cells lose type II cell characteristics, such as expression of surfactant protein C, and begin to express characteristics associated with the type I cell phenotype in vivo, such as expression of T1␣ and aquaporin 5 (unpublished observations, Reynolds PR, and Ref. 23) . Although a number of cell lines derived from the lungs of humans, mice, and rats have been used in studies providing important insights into alveolar epithelial biology, these cell lines do not always recapitulate specific AEC characteristics of interest. In contrast to primary murine AEC, MLE-12 cells exposed to hyperoxia were induced to express increased GM-CSF protein. Thus, when exposed to hyperoxia in vitro, primary AEC more closely model the expression of GM-CSF in the lung of the hyperoxiaexposed mouse.
The relative contributions of type I and type II AEC to alveolar GM-CSF have not yet been determined. Similarly, it is not clear whether oxidant-dependent suppression of GM-CSF expression is a feature common to all AEC, or is a specific characteristic of type I or type II cells. Previous studies have suggested that type II AEC may be more resistant to oxidative stress than are type I cells, due to relatively increased expression of antioxidant enzymes (34) . Limited expression of antioxidant defenses in type I AEC might render these cells particularly susceptible to oxygen-induced suppression of GM-CSF expression. The reasons for differences in response to hyperoxia of primary AEC compared with MLE-12 cells are not yet clear. It is possible that the immortalized cell line, generated by transgenic expression of the large T antigen of simian virus 40, simply fails to recapitulate the characteristics of normal AEC as a function of this process. Alternatively, MLE-12 cells may differ from our primary AEC with respect to GM-CSF expression because they represent a different subset of alveolar epithelial cells. In contrast to primary AEC that have been in culture for 3-4 days on tissue culture plastic, MLE-12 cells in culture continue to express significant SP-C mRNA and more limited amounts of T1␣ mRNA (data not shown). This observation suggests that they may continue to express type II cell features, with more limited expression of features of the type I cell phenotype compared with primary AEC. Studies to explore the relative vulnerability of GM-CSF in these different AEC types are ongoing.
Suppression of GM-CSF expression following exposure to oxidative stress was associated with decreased GM-CSF mRNA expression, which was at least in part a function of significantly accelerated mRNA turnover. This mechanism is consistent with prior studies in other cells demonstrating that GM-CSF transcripts are intrinsically unstable and may be rapidly degraded, limiting production of the protein product. This rapid turnover is attributable to ARE in the 3=-untranslated region of the transcript (31) . Thus, stabilization of GM-CSF mRNA has often been found to be a crucial regulatory step in expression of GM-CSF protein. Studies in T cells (38) , eosinophils (13, 14) , and airway smooth muscle cells (36) have demonstrated major roles for changes in mRNA stability in the regulation of GM-CSF expression. Studies in A549 cells, a human cell line derived from a bronchoalveolar cell carcinoma that expresses some characteristics of type II AEC, found that expression of GM-CSF was controlled by changes in mRNA stability (5) . Consistent with our findings, these investigators found that treatment with antioxidants stabilized GM-CSF mRNA, leading to increased expression. We have extended this observation, demonstrating in primary AEC that hyperoxia leads to more rapid GM-CSF mRNA degradation. This change is a consequence of oxidative stress and may be reversed by treatment with PEG-catalase.
These data have important implications for pulmonary host defense in the setting of acute lung injury. They demonstrate that oxidative stress due to either the precipitating cause of lung injury or treatment with high concentrations of supplemental oxygen leads to increased susceptibility to health careassociated pneumonia due to AM dysfunction attributable to decreased AEC expression of GM-CSF. They also may provide a mechanism to explain why individuals with diminished lung antioxidant defenses, including alcoholics (17) , would have impaired pulmonary host defense and increased susceptibility to pneumonia. Previously, there has been considerable enthusiasm for the use of antioxidants intended to reduce the extent of lung injury. Our work suggests that antioxidants might also have a role in supporting pulmonary innate immunity in the acutely injured lung. Furthermore, it suggests that the particular choice of antioxidant might be critical for this effect.
